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Abstract

Hydroxylated aromatic compounds exhibit exceptional biological activities. In the biosynthesis of these compounds,
three types of hydroxylases are commonly employed: cytochrome P450 (CYP450), pterin-dependent monooxygenase
(PDM), and flavin-dependent monooxygenase (FDM). Among these, FDM is a preferred choice due to its small molec-
ular weight, stable expression in both prokaryotic and eukaryotic fermentation systems, and a relatively high con-
centration of necessary cofactors. However, the catalytic efficiency of many FDMs falls short of meeting the demands
of large-scale production. Additionally, challenges arise from the limited availability of cofactors and compatibility
issues among enzyme components. Recently, significant progress has been achieved in improving its catalytic effi-
ciency, but have not yet detailed and informative viewed so far. Therefore, this review emphasizes the advancements
in FDMs for the biosynthesis of hydroxylated aromatic compounds and presents a summary of three strategies aimed
at enhancing their catalytic efficiency: (a) Developing efficient enzyme mutants through protein engineering; (b)
enhancing the supply and rapid circulation of critical cofactors; () facilitating cofactors delivery for enhancing FDMs
catalytic efficiency. Furthermore, the current challenges and further perspectives on improving catalytic efficiency

of FDMs are also discussed.
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Background

Aromatic compounds have found extensive use as active
ingredients in nutraceuticals, cosmetics, and pharma-
ceuticals due to their valuable bioactivities, including
antioxidant, anti-aging, antimicrobial, and antiviral activ-
ities [1-3]. These aromatic compounds exist in nature
with various group modifications, such as hydroxyla-
tion, glycosylation, and methylation [4—8]. Among those
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modifications, the introduction of hydroxyl functional
groups through hydroxylation serves as a prerequisite for
glycosylation and methylation of certain aromatic com-
pounds and plays a crucial role in their pharmacologi-
cal activities [9, 10]. Numerous studies have highlighted
the exceptional bioactivities of hydroxylated aromatic
compounds. For instance, hydroxylation enhances the
antimicrobial efficacy of aromatic compounds. Notably,
just 30 pg/mL of 3,4,5-trihydroxybenzoic acid can inhibit
the growth of certain gram-negative bacteria, whereas
3,4-dihydroxybenzoic acid and 4-hydroxybenzoic acid
require 50 and 160 pg/mL, respectively [11, 12]. Similarly,
hydroxylated aromatic compounds exhibit more potent
free radical scavenging activity and lower cytotoxicity.
The addition of caffeic acid increases superoxidase dis-
mutase activity by 3050 folds and reduces cytotoxicity by
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five times when compared to 4-coumaric acid [13]. Fur-
thermore, 3,4,5-trihydroxycinamic acid exhibits 4 folds
higher suppression of lipopolysaccharide-induced NO
production compared to caffeic acid [14].

Hydroxylated aromatic compounds are obtained by
catalytic reactions of hydroxylases. Three primary types
of hydroxylases are widely reported, cytochrome P450
(CYP450), pterin-dependent monooxygenase (PDM),
and flavin-dependent monooxygenase (FDM). CYP450,
a family of heme-containing monooxygenases, is known
for its versatility in performing a diverse range of oxi-
dative reactions, and comprehensive reviews on this
topic are readily available [15-19]. PDM relies on spe-
cific pterin cofactors, tetrahydrobiopterin (BH4) and
tetrahydromonapterin (MH4), which are essential for
catalytic reactions but are often found in limited intra-
cellular quantities [20-23]. And most PDM is primarily
used for hydroxylating aromatic amino acids, its poten-
tial applications are still under exploration and won’t
be discussed in depth here [24]. FDM, a superfamily of
enzymes with flavin as a cofactor, functions as monoox-
ygenase [25]. FDM can be classified into eight groups,
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designated as A to H. Groups A and B are single-com-
ponent enzymes that depend on NAD(P)H as exter-
nal electron donor to supply reducing force. Groups
C to F are two-component systems, which consist of a
monooxygenase and a flavin reductase. Groups G and
H are also single-component with the ability to reduce
the flavin cofactor by oxidating substrates [26, 27]. The
catalytic mechanism of FDM has been fully reported in
detail [28-32]. In brief, the FDM-catalyzed hydroxyla-
tion of aromatic compounds can be divided into two
parts: the reductive half-reaction for FAD and FMN,
and the oxidative half-reaction for substrates [33]. As
shown in Fig. 1, single-component FDM can catalyze
both half-reactions at the same active site, while two-
component FDM requires two separate enzymes, flavin
reductase and monooxygenase, to participate in each
half-reaction [34, 35]. Because of its small molecular
weight, free expression without membrane anchor, and
relatively high cofactor content, FDM is the preferred
choice for the production of hydroxylated aromatic
compounds when compared to the previous two types
of enzymes [36—40].
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Fig. 1 Catalytic mechanism of single- and two-component FDMs. S: substrate. A In single-component flavin-dependent monooxygenases (FDM),
NAD(P)H serves as the reducing power to reduce the flavin cofactor FAD after binding the substrate, resulting in the formation of a reduced
complex in the reductive half-reaction. Subsequently, the reduced complex reacts with molecular oxygen to hydroxylate the substrate

and regenerate the oxidative flavin cofactor FAD in the oxidative half-reaction. B In two-component FDMs, FAD is bound with flavin reductase

as the flavin cofactors and is reduced directly by NAD (P)H without the need to bind the substrate. Once reduced, the flavin cofactor FADH,

is released and transferred to the monooxygenase component. The subsequent catalytic steps of the monooxygenase are similar to the oxidative
half-reaction of single-component FDMs, where FADH, is used to hydroxylate the substrate. C Protein structure of a typical single-component FDM:
PobA from Pseudomonas aeruginosa [50]. D Protein structures of typical two-component FDM: EcHpaB (right) and EcHpaC (left) from Escherichia coli

[63,99]
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While FDMs have been employed to establish biosyn-
thetic pathways for producing hydroxylated aromatic
compounds, its catalytic efficiency remains insufficient
for large-scale industrial production [41, 42]. Con-
sequently, numerous studies have been dedicated to
enhancing the catalytic efficiency of FDMs. In this
paper, we present a summary of three strategies aimed at
enhancing catalytic efficiency of FDMs: (a) development
of efficient enzyme mutants through protein engineer-
ing; (b) enhancement and acceleration of cofactor sup-
plementation and recirculation; (c) facilitating cofactors
delivery for enhancing FDMs catalytic efficiency. These
strategies have been investigated and applied, resulting
in a significant improvement in FDMs' hydroxylating
efficiency enhancing. We also discuss the prospects of
protein scaffold and computational enzyme design strat-
egy as promising avenues for enhancing the catalytic effi-
ciency of FDMs.

Strategies to improve the catalytic activity of FDM

Developing efficient FDM mutants by protein engineering

Protein engineering has progressed through different
stages over the past 50 years, including primary rational
design, directed evolution, semi-rational or rational
design, and computational design [43]. Through these
stages, protein engineering has facilitated the acquisition
of new properties by enzymes, such as broadening their
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substrate range and enhancing catalytic efficiency [44].
Recently, protein engineering has proven its effectiveness
and potential promise in obtaining efficient mutants for
FDMs.

The wild-type PobA enzyme can convert 4-hydroxy-
benzoic acid (4-HBA) into 3,4-dihydroxybenzoic
acid (3,4-DHBA), but lacks the capability to further
hydroxylate 3,4-DHBA into the more valuable 3,4,5-tri-
hydroxybenzoic acid (Gallic acid, GA). Analysis of the co-
crystallization of PobA with 4-HBA revealed that Y201
and Y385 in the catalytic site of PobA form a hydrogen
bonding network with 4-OH group of 4-HBA (Fig. 2).
Specifically, Y201 activates 4-HBA, and the product
3,4-DHBA is released at the end of the catalytic reac-
tion [45]. Notably, after mutating Y385 to phenylala-
nine, the hydrogen bonding network was destroyed, and
the flexibility of the catalytic site was increased. This
change allows 3,4-DHBA to be rotated 180° around the
C1-C4 axis in the site and be secondarily hydroxylated
to produce new product GA [46, 47]. Further insight was
gained through the co-crystallization of 3,4-DHBA with
PobA, revealing that the 4-OH group of 3,4-DHBA forms
hydrogen bonds with amino acid residues T294, P293,
Y201, and T347 [48]. Mutating T294 to alanine resulted
in the disruption of the hydrogen bond connecting T347
and this mutation also led to a reduction in steric hin-
drance of the substrate at the catalytic site. Compared to

Fig. 2 Structures of FDM-substrate complexes and their active center. Gray: Protein structure; Salmon: Animo acid residues of active center;

Lightorange: Flavin cofactor; Cyan: Substrate. A Structure of PobA (PDB ID: 11UV) and 4-HBA; B Structure of TfBYMO from Thermobifida fusca (PDB
ID: 2YLT) and 2-(N-morpholino)-ethanesulfonic acid; C Structure of AbHpaB from Acinetobacter baumannii (PDB ID: 2JBT) and 4-HPA; D Structure
of EcHpaB from Escherichia coli (PDB ID: 6QY1) and 4-HPA
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mutant Y385F, the catalytic activity of the PobA mutant
Y385F/T294A towards 3,4-DHBA increased by 60 folds,
the value of Ky, decreased to 157.02+31.41 pM and k_,
raised to 1.69 +0.18 s~ 1. Furthermore, its activity towards
4-HBA increased by 2 folds [48] (Table 1). Moreover, the
mutation of L199 to valine significantly decreased uncou-
pling reaction, enabling the mutant to better immobilize
the C4a-hydroperoxy flavin intermediate and improve
its utilization in substrate hydroxylation [49]. The PobA
mutant Y385F/L199V displayed a 425-fold increase in
catalytic activity for 3,4-DHBA compared to the Y385F
mutant, with a decrease in K,; to 52+ 16 uM and increase
in k. to 4.4+0.4 s™*, meanwhile its catalytic activity for
4-HBA was also increased by 2 folds [50] (Table 1).

Additionally, the substrate spectrum of Baeyer-Vil-
liger Monooxygenases (BVMO) was expanded by protein
engineering [51, 52]. The BVMO mutant M466G from
Thermobifida fusca was capable of converting indole to
indigo, a high-value industrial dye, whereas the wild type
lacked this catalytic ability (Fig. 2) [53]. This is caused by
the shortening of the amino acid side chain around the
active site, which further enlarges the catalytic space.
Besides, the R292 of BVMO from Acinetobacter radi-
oresistens S13 was mutated to test its effect on the enzy-
matic specificity [54]. The results showed that the mutant
R292A efficiently hydroxylated indole into both indigo
and indirubin, whereas the wild type lacked this capabil-
ity [55]. Under optimal conditions for whole-cell cataly-
sis, the mutant was able to yield 154 mg/L indigo and
138 mg/L indirubin [56].

These studies indicate the potential benefits of modify-
ing the hydrogen bonds between the substrates and the
catalytic site to enhance the flexibility during mutant
enzyme design. The elimination of hydrogen bond effects
allows substrates to move more freely within the catalytic
site, resulting in more efficient catalytic reactions.

To streamline the process of obtaining efficient
mutants, several high-throughput screening methods

Table 1 Kinetic parameters of PobA mutants in different studies
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have been established based on the substrate, prod-
uct chromogenic reaction, and cofactor supplement
within the PobA-catalyzed reaction. An innovative
screening platform based on the Escherichia coli (E.
coli) growth stage has been developed to couple the
catalytic efficiency of the enzyme with the state of cell
growth, making the results of high-throughput screen-
ing more intuitive. In this screening platform, the key
genes responsible for NADP* regeneration in the plat-
form strain are knocked out, and NADP™ regeneration
is closely linked to the hydroxylase catalytic reaction.
The hydroxylating reactions convert NADPH to NADP*,
which is crucial for maintaining the redox balance of
NADPH in the strain and is also essential for cell growth.
Consequently, the enhanced catalytic efficiency of the
hydroxylase leads to more effective NADP" replenish-
ment and a better growth state of the strain [57]. Utiliz-
ing this method, the PobA triple mutant L199R/T294C/
Y385M was screened out, which exhibited 310 folds
increase in activity towards 3,4-DHBA, and a 7.9 folds
increase in activity towards 4-HBA compared to mutant
Y385F. The Ky value decreased to 48+10 uM and k_,,
raised to 3.0+0.2 s™* for 3,4-DHBA, while the K, value
increased to 24+10 puM and k_,, raised to 1.9+0.2 s
for 4-HBA (Table 1). Moreover, another PobA triple
mutant Y385F/T294A/V349A was screened out using
the chromogenic reaction of GA with 0.1 M NaHCO,
[58]. This mutant showed a 295 folds increase in activ-
ity towards 3,4-DHBA and 9.4 folds enhancement cata-
lytic activity to the 4-HBA in comparison to Y385F
mutant. The K}, value decreased to 30.3+10.4 uM and
k., raised to 1.78+0.16 s~ for 3,4-DHBA, meanwhile
the K, value decreased to 14.5+2.5 uM and k_,, raised to
1.36+0.04 s~ ! for 4-HBA (Table 1).

HpaBC is a typical class of two-component flavin
monooxygenase, consisting of the monooxygenase
HpaB and the flavin reductase HpaC. Recent researches
have focused on mutating HpaB from different origins

Variants 4-HBA 3,4-DHBA References
KM kcar kcat/KM KM kcar kcat/KM
(um) (s") (uM~"'s-") (um) (s-") (uM~'s-T)
Wide type 3467+951 14.12+1.49 041 - - - [47]
Y385F 19.55+0.32 0.20£0.001 0.01 2280245357 0.39+90.06 0.0002
Y385F/T294A 4838+3.00 0.90+0.03 0.02 157.02+31.41 1.69+0.18 0.012
Y385F/L199V 2245 045+0.02 0.021 52+16 44+04 0.085 [49]
LT199R/T294C/Y385M 24+10 19+0.2 0.079 48+10 3.0+02 0.062 [56]
VA71/L199N/T294A/Y385I 120+10 4.0+0.1 0.034 120+10 41402 0.033
Y385F/T294A/V349A 145425 1.36+0.04 0.094 303+104 1.78+0.16 0.059 [57]
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to generate improved mutant enzymes. The wild-type
AbHpaB from Acinetobacter baumannii can effectively
catalyze 4-hydroxyphenylacetate (4-HPA) to 3,4,5-tri-
hydroxyphenylacetate, but it is inefficient to catalyze
4-coumaric acid to 3,4,5-trihydroxycinnamic acid (3,4,5-
THCA) (Fig. 2) [59]. To enhance its catalytic capabili-
ties, site-directed mutations were performed on the
residues located within 4 A of the catalytic site, includ-
ing 1148, R263, and Y398. These residues were modified
into smaller ones to better accommodate 4-coumaric
acid, which has a longer carboxylic acid tail compared to
4-HPA. The outcome was the Y398S mutant, which dis-
played an increased conversion efficiency of 4-coumaric
acid to 3,4,5-THCA, with conversion rates rising from
26 to 50% [60, 61] (Table 2). In another study, the R263E
mutant demonstrated the ability to catalyze the o-hydrox-
ylation of tyramine, R263D/Y398D double mutant
effectively catalyzed the conversion of octopamine to
norepinephrine, while the wild type lacked any activity
toward either tyramine or octopamine [62]. Furthermore,
the crystal structure of EcHpaB from E. coli was eluci-
dated, revealing a unique loop structure that covers the
catalytic sites. This loop was found to be remarkably flex-
ible and amenable to extensive mutations, allowing for
substrate access and stable binding to the catalytic sites
(Fig. 2) [63]. Thus, mutations in this loop hold the prom-
ise of yielding valuable enzyme mutants. Specifically, res-
idues S210, A211, and Q212 in this loop were selected for
saturated mutation, the resulting mutant enzyme, 23F9-
M4, exhibited a remarkable 95% increase in the conver-
sion rate to tyrosine compared to the wild-type enzyme,

Table 2 Kinetic parameters of HpaB mutants in different studies
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but displaying significantly reduced activity towards the
natural substrate, 4-HPA [64] (Table 2). When this loop
was designed and generated as a random coil, the K},
values for non-natural larger substrates such as resvera-
trol and naringenin decreased from 174.3 uM, 349.8 pM,
to 144.0 uM, 191.6 pM, respectively. Additionally, the
mutants retained almost the same specificity constant
values (k,./K,,) for small substrates like 4-coumaric acid
and umbelliferone. This suggests that the loop can be
effectively engineered to accommodate larger substrates
while maintaining specificity for smaller ones. A struc-
tural comparison between RoHpaB from Rhodococcus
opacus which obtained through homology modeling and
EcHpaB, revealed that the loop region of RoHpaB has a
shorter chain length and a smaller substrate-binding
pocket [65]. This structural difference makes it challeng-
ing for large aromatic compounds to enter the pocket. To
address this, the RoHpaB mutant Y215A was generated
through alanine scanning of amino acid residues 212 to
222 in the loop region. This mutant exhibited a remark-
able 25.3 folds increase in catalytic activity towards
naringenin, with a Ky, value of 3.0 uM and a k_, value
of 0.02 s! [65]. The improved catalytic performance
of mutant Y215A can be attributed to the smaller side
chain of alanine resulted in a larger substrate-binding
pocket, allowing the substrate to enter and exit the cata-
lytic pocket more readily. Furthermore, this mutant also
demonstrated catalytic activities towards apigenin and
kaempferol, which were not observed in the wild type
enzyme. This showcases the potential for engineering the
loop region to enhance the catalytic versatility of HpaB.

Enzymes Variant Substrates Products Convertion rate (%) References
AbHpaB Wild type Tyramine Dopamine ND [59]
R293A 7
R263D 57
Wild type 4-Coumaric acid 3,4,5-THCA 75 [60]
Y398S 232
Wild type Octopamine Norepinephrine ND [61]
R263D/Y398D 13
EcHpaBC Wild type Tyrosine -Dopa 1.01 [63]
23F9-M4 955
EcHpaBC Wild type Tyrosol Hydroxytyrosol 4.87 [65]
Tyramine Dopamine 0.1
S210T/A211L/Q212E Tyrosol Hydroxytyrosol 95.2
Tyramine Dopamine 2.15
A211G/Q212Y Tyrosol Hydroxytyrosol 7.23
Tyramine Dopamine 90.54
S210T/A211M/Q212G Tyrosol Hydroxytyrosol 97.33
Tyramine Dopamine 4551
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Consequently, mutating the amino acid residues around
the catalytic site to smaller residues can enlarge the space
for accommodating substrates, which increases the cata-
lytic rate and broadens the substrate spectrum.

A high-throughput screening method using chromog-
enic reactions of products and sodium periodate was also
employed to screen efficient mutants of EcHpaB capable
of catalyzing tyrosine or tyramine. Among the mutants,
the mutant S210T/A211L/Q212E exhibited a catalytic
activity on tyrosine that was 19 folds higher than the
wild type, and the mutant A211G/Q212Y demonstrated
a remarkable 386-fold increase in catalytic activity for
tyramine compared to the wild type. Additionally, the
mutant S210T/A211M/Q212G displayed enhanced con-
version rate towards tyrosol and tyramine, with increas-
ing by 17 and 271 folds, respectively [66] (Table 2).

The introduction of single-point mutations or com-
binatorial mutations in the amino acids surrounding
FDMSs’ catalytic site enables the alteration of the cata-
lytic pocket’s size and its interactions with substrates,
results in improved catalytic efficiency and broadens the
substrate spectrum for FDMs. Furthermore, the high-
throughput screening of FDM mutants has the potential
to yield unexpectedly positive mutants, even when the
mutation sites are seemingly distant from the catalytic
site. In summary, with the assistance of protein engineer-
ing, a diverse range of FDM mutants has been developed
and successfully applied in the biosynthesis of hydroxy-
lated aromatics. This presents new possibilities for the
extensive utilization of FDMs in various applications.

Enhancing FDM catalytic effiency by cofactor engineering
FDMs are reliant on cofactors, which also be regarded
as co-substrates, consuming flavin cofactors FADH,/
FMNH, and nicotinamide cofactors NAD(P)H/NAD(P)*
during catalytic reactions. Insufficient cofactors sup-
plementation can hinder the efficiency of hydroxylation
reactions [67]. To address this issue, the most economi-
cally feasible approach involves the efficient recircula-
tion of cofactors within production systems, as long-term
cofactor storage is both costly and challenging [68, 69].
To tackle the problem of inadequate cofactor supply, it
has been demonstrated that increasing cofactor produc-
tion, accelerating cofactor regeneration, and minimizing
cofactor consumption by other metabolic pathways can
effectively improve hydroxylation efficiency.
FADH,/EMNH, serves as the essential cofactor for
FDM. It directly contacts the substrate and delivers
reactive oxygen atoms to the substrate to form hydroxyl
groups. Consequently, the availability of this cofactor
significantly influences the catalytic activity of FDM.
[41]. As shown in Fig. 3, initiating from GTP and R5P,
the biosynthesis of FADH,/FMNH, engages six enzymes

Page 6 of 13

(RibA, RibB, RibC, RibD, RibF, RibH) [70]. Among these
enzymes, RibA and RibB, as the first step enzymes in the
FADH, biosynthetic pathway, are used to convert GTP to
DRDP and R5P to DHPB, respectively, but they are both
allosterically inhibited by FADH, [71]. RibC, RibF, and
RibH are identified as primary rate-limiting enzymes in
the FADH, biosynthetic pathway [72]. In prokaryotes,
riboflavin is converted to FAD by RibF in the cytoplasm,
whereas in eukaryotes, riboflavin enters the mitochon-
dria and is converted to FAD by FMNI1 and FADI.
Finally, FAD is transported out into the cytoplasm by the
transport protein FLX1 [73] (Fig. 3).

Overexpressing enzymes in the FADH, biosynthetic
pathway is a conventional and effective method to
enhance FADH, concentration. In yeast, the overex-
pression of RibA and FLX1 resulted in a 51.7% increase
in caffeic acid production, reaching 244 mg/L, primar-
ily attributed to increased FDM efficiency facilitated by
increasing availability of FADH, (Fig. 3) [74, 75]. Moreo-
ver, to address the issue of endogenous enzyme inhibi-
tion caused by pathway products, the introduction of
efficient heterologous isozymes has proven effective. To
mitigate the allosteric inhibition of endogenous enzymes
by FADH,, the bifunctional BsRIBBA from Bacillus
subtilis was chosen as a substitute for RibA and RibB.
Meanwhile, TmBiFADS from Thermotoga maritima was
selected as a substitute for RibF, as its higher catalytic
efficiency. Overexpression of BsRIBBA and TmBiFADS
further increased the supply of FADH, to FDM (Fig. 3),
resulting in a 54% boost in caffeic acid production, reach-
ing 248.2 mg/L [74, 76]. In addition, this study also over-
expressed the endocytotic protein MCHS5 (Fig. 3), which
was able to absorb riboflavin from the culture medium
and accumulate it intracellularly. When MCH5 was over-
expressed, caffeic acid production was increased by 97%,
reaching 311 mg/L [74].

Accelerating the intracellular recirculation of FADH,
is indeed a beneficial strategy to ensure a self-sufficient
supply of intracellular cofactors and minimize the burden
on cell growth. Achieving this self-sufficiency in intracel-
lular cofactors is crucial to support the catalytic reactions
of FDMs effectively. Recirculation of FADH, requires the
active participation of flavin reductase and NAD(P)H. By
introducing flavin reductases into biosynthetic pathways,
it’s possible to facilitate the reduction of FAD to FADH,
using NAD(P)H as the reducing agent. This introduc-
tion of flavin reductase enhances the catalytic activity of
FDMs by expediting the recirculation of FADH,. How-
ever, it’s essential to be mindful that this improvement in
FDMs activity comes at the expense of increased NAD(P)
H consumption. NAD(P)H is not only a crucial cofac-
tor for enzyme catalysis but also a vital component for
cellular growth and metabolism. An imbalance in the
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Fig. 3 Biosynthesis and recirculation of FADH,. Guanosine triphosphate (GTP), GTP cyclohydrolase Il (RibA), 2,5-Diamino-6-(5-phospho-D-ribosylam
ino) pyrimidin (DRDP), 5-amino-6-(5-phospho-ribosylamino) uracil reductase (RibD), 5-Amino-2,6-dioxy-4-(5’-phospho-D-ribitylamino) pyrimidine
(APRP), 5-Amino-6-(D-ribitylamino) uracil (DRU), Ribulose 5-phosphate (R5P), DHBP synthase (RibB), L-3,4-Dihydroxybutan-2-one 4-phosphate
(DHBP), 6,7-dimethyl-8-ribityllumazine synthase (RibH), riboflavin synthase (RibE), DHBP synthase/GTP cyclohydrolase Il (BsRIBBA), riboflavin kinase/
FAD synthase (TmBIFADs), riboflavin kinase (FMNT1, RibF), FAD synthetase (FAD1)

NAD(P)H/NAD(P)™ ratio can adversely affect overall cel-
lular health and functionality, as it impacts both enzyme-
catalyzed reactions and broader cellular processes.
Therefore, when implementing strategies to accelerate
cofactor recirculation, it is important to carefully manage
the NAD(P)H balance to ensure the optimal functioning
of the entire cellular system [77].

In cells, NADPH is primarily produced by the oxi-
dative branch of the pentose phosphate pathway (PP
pathway). As shown in Fig. 4, the enzyme G6PDH
(encoded by zwf) converts glucose-6-phosphate (G-6-P)
to 6-phosphoglucono-d-lactone (6-P-GL) and reduces
NADP* to NADPH. Then, 6PGDH (encoded by gnd)
converts 6-phosphogluconate (6-P-GN) to ribulose-
5-phosphate (Ru-5-P) and reduces NADP* to NADPH.
NADH is mainly generated through the glycolysis and
the tricarboxylic acid cycle (TCA cycle) [78, 79]. Besides,
6-P-GN generated by PP pathway can be rapidly cata-
lyzed to produce pyruvate through the Entner-Doudoroft
pathway (ED pathway). This pyruvate is then converted
into acetyl coenzyme A (Acetyl-CoA), which participates
in the TCA cycle while generating substantial amounts of
NADH [80].

To enhance the supply of NADPH, one effective
approach is redirecting metabolic flux into the PP path-
way [81, 82]. Overexpression of G6PDH resulted in a
1.5 folds increase in the intracellular NAD(P)H concen-
tration, elevating it from 200 nmol/g cell to 297 nmol/g
cell [83]. This increase in NAD(P)H concentration led to
a substantial 1.56 folds enhancement in the production
of hydroxyl-epoxyprogesterone, reaching 14.6 g/L [84].
Overexpression of genes, xfpk, pta, taldo, tktA (Fig. 4),
can successfully divert more metabolic flux into the PP
pathway, leading to increased NADPH production. This
adjustment significantly bolsters the availability of cofac-
tors required for FDM catalysis. In the engineered strain,
the NADPH/NADP™ ratio was 46% higher compared to
the control strain. As a result, the production of caffeic
acid increased from 157 mg/L to 385 mg/L [74]. These
results identified the effectiveness of overexpressing
genes of PP pathway in promoting cofactor availability
and enhancing the catalytic efficiency of FDMs in biosyn-
thetic processes.

Blocking metabolic flux to competing pathways
is another viable approach to enhance the supply of
NAD(P)H. For example, in the biosynthesis of cat-
echin, a compound known for its various antioxidant
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(GAD-3-P), glycerate 1,3-diphosphate (GA-1,3-2P), glycerate 3-phosphate (GA-3-P), glycerate 2-phosphate (GA-2-P), phosphoenolpyruvate
(P-enol-Pyruvate), phosphoenolpyruvate carboxylase (ppc), glucose-6-phosphate 1-dehydrogenase (zwf), 6-phospho-D-glucono-1,5-lactone
(6-P-GL), 6-phosphogluconolactonase (pgl), 6-phospho-D-gluconate (6-P-GN), 6-phosphogluconate dehydrogenase (gnd), ribulose 5-phosphate
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(SUC-CoA), succinate (SUC), fumarate (FUM), malate (MAL), acetylglutamate kinase (argB), glutamate 5-kinase (proB), glutamine synthetase (g/nA),

phospholipase A (pldA)

and antitumor properties, strategies include the
knockout of the pgi gene to prevent G6P from entering
glycolysis, the knockout of ppc to redirect metabolic
flux towards the TCA cycle, and the knockout of pldA

(encoding phospholipase A) to reduce GAD-3-P con-
sumption were used to supply more NAD(P)H. After
implementing these strategies, the production of cat-
echin remarkably increased from 39 mg/L to 374 mg/L
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[85]. TCA cycle is a significant source of NADH, but
it also contains metabolic bypasses that divert metab-
olites away from generating reducing cofactors. By
inhibiting the expression of genes like argB (encod-
ing acetylglutamate kinase), proB (encoding glutamate
5-kinase), and glnA (encoding glutamine synthetase)
using CRISPRi (Fig. 4), it’s possible to block the gen-
eration of arginine, proline, and glutamate from
a-KGA. This inhibition results in an increase in intra-
cellular NADH content by 1.3 folds, ultimately lead-
ing to an enhancement in pinocembrin production
from 14.3 mg/L to 39.8 mg/L. This approach effec-
tively redirects metabolic flux toward the generation
of NADH. These highlight the effectiveness of chan-
neling metabolic flux into NAD(P)H-producing path-
ways, which significantly enhances the hydroxylation
efficiency of the hydroxylated aromatic compounds
biosynthetic pathway. In addition, the ED pathway,
serving as an alternative to glycolysis, has the remark-
able capability to rapidly generate pyruvate through
a concise 4-step reaction (Fig. 4). This allows for the
efficient utilization of metabolic flux to produce pyru-
vate and acetyl-CoA, which can readily participate in
the TCA cycle, yielding large amounts of NADH. A
modular plug-in ED pathway was developed to effi-
ciently generate NAD(P)H. This module incorporates
five genes pgi,zwf, pgl, edd and eda from Zymomonas
mobilis [86] (Fig. 4). By co-expressing these genes
under different promoters and operators, various ED
plasmid modules were created. When these modules
were introduced into E. coli strains separately, the
strain with the plasmid ED11 exhibited a remarkable
25 folds increase in NADPH production efficiency
compared to the wild-type strain [86]. Applying this
module to produce vanillin, the hydroxylation effi-
ciency of FDM was enhanced by 1.97 folds through
rapid NADPH generation, resulting in a 17 folds boost
in vanillin production to 585 mg/L [87]. This modular
approach to enhancing cofactor supply for FDM holds
great promise and is an efficient strategy for improv-
ing its catalytic performance.

In conclusion, by driving metabolic flux to the NAD(P)
H-producing pathway is a very efficient way to obtain
massive amounts of cofactors. Overexpression of either
the oxidative or non-oxidative pathway enzymes of the
PP pathway could increase the supply of NADPH, thereby
improving the catalytic efficiency of FDM. Moreover, by
blocking metabolic flow driving toward pathways that do
not produce cofactors, more metabolic flow is conserved
to regenerate cofactors. In addition, rapidly generating
metabolic flux to cofactor through the ED pathway is a
novel and promising strategy to enhance the supply of
cofactors for FDM catalysis.
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Facilitating cofactors delivery for enhancing FDM catalytic
efficiency

During catalytic process, FDM uses FADH, as a cofactor
to hydroxylate substrates. The mechanism for cofactor
utilization differs between single-component FDM and
two-component FDM. In single-component FDMs, the
enzyme can directly utilize NAD(P)H to reduce FAD to
FADH, within the enzyme itself. This allows the enzyme
to carry out the hydroxylation of substrates using the
cofactors generated within its own structure. In contrast,
two-component FDM, specifically the monooxygenase
component, require a flavin reductase to facilitate the
conversion of FAD to FADH,. This process consumes
NAD(P)H. Once FADH, is generated by the flavin reduc-
tase, it is then delivered to the monooxygenase, where it
participates in the oxidation of substrates [88]. Thus, the
efficiency of cofactor delivery between the monooxyge-
nase and flavin reductase directly impacts the catalytic
efficiency of two-component FDM. Effective and timely
delivery of FADH, to the monooxygenase ensures that
the enzyme has a sufficient supply of cofactors to effi-
ciently carry out substrate hydroxylation.

To optimize the catalytic efficiency of two-component
FDM, combining monooxygenase and flavin reductase
components from different sources can be a valuable
strategy. For example, in a study aimed at producing caf-
feic acid in yeast, researchers employed monooxyge-
nase (HpaB) and flavin reductase (HpaC) components
from four different microbial origins [89]. When they
expressed homologous HpaB and HpaC from Pseu-
domonas aeruginosa, the highest production of caffeic
acid achieved was 68.2 mg/L. However, by combining
components from different origins, specifically using
PaHpaB from P. aeruginosa and PIHpaC from Photorhab-
dus luminescens, they achieved the highest caffeic acid
production of 241.3 mg/L [89]. Similarly, the combina-
tion of monooxygenase SgcC from Streptomyces glo-
bisporus with the different flavin reductase SgcE6 (from
S. globisporus), Fre (from E.coli), VImR (from Streptomy-
ces viridifaciens), RebF (from Streptomyces coelicolor), led
to varying degrees of improvement in reducing FAD by
3 folds, 2 folds, 13 folds, 5 folds, respectively [90]. These
studies demonstrate that selecting an optimal combina-
tion of monooxygenase and flavin reductase from various
sources can significantly enhance the catalytic efficiency
of two-component FDMs for specific applications. In
addition to combining monooxygenase and flavin reduc-
tase components from different microbial origins, the
generation of HpaC mutants offers another approach to
optimize the efficiency of two-component FDMs. In a
study involving HpaB and HpaC from Acinetobacter bau-
mannii [91], a variety of HpaC mutants were obtained
through targeted mutagenesis then co-expressed with
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HpaB to test their catalytic capabilities. When the
HpaC A58P was co-expressed with HpaB, it exhibited a
1.82 folds increase in the conversion rate of caffeic acid
to 3,4,5-THCA, rising from 8.5 to 15.5 puM/min. This
improvement can be attributed to the enhanced ther-
mostability of the HpaC mutant, which is 5.6 times more
stable, 3.5 times more efficient in reducing FAD, and
capable of providing FADH, for a longer duration during
the catalytic reaction [91].

Reducing the spatial distance between the two compo-
nents of FDMs, specifically monooxygenase and flavin
reductase, can enhance cofactor delivery and improve
the catalytic efficiency. One approach to achieve this is
through fusion expression, where the C-terminus of one
component is connected to the N-terminus of the other
using linkers. For instance, a flexible chain polypeptide
GGGGS was used to connect C-termini of HpaB and
N-termini of HpaC. When this fusion protein was intro-
duced with other pathway genes into C. glycerinogenes for
the de novo biosynthesis of caffeic acid, the production
of caffeic acid was increased to 21.9 mg/L, a 1.48 folds
enhance compared to separate expression [92]. Further-
more, linking flavin reductase (Fre) to the N-terminus of
HpaB using two different types of linkers, a flexible linker
(FL) and a rigid linker (RL), resulted in the formation of
fusion proteins Fre-FL-HpaB and Fre-RL-HpaB. This
fusion approach led to remarkable increases in caffeic
acid production, with a 7.5 folds increase to 748.2 mg/L
for Fre-FL-HpaB and a 9.1 folds increase to 907.1 mg/L
for Fre-RL-HpaB in E. coli [93]. The improved produc-
tion of caffeic acid was primarily attributed to the close
spatial proximity between Fre and HpaB, enabling Fre
to efficiently provide FADH, for the catalytic reaction of
HpaB. This innovative method highlights the significance
of reducing the spatial distance between key components
in FDMs to boost catalytic efficiency.

In conclusion, the hydroxylated efficiency of FDM can
be significantly improved by co-overexpressing monoox-
ygenases and flavin reductases through combinato-
rial screening and linker application. This improvement
could be due to the increase of reduced flavin produc-
tion rate. However, this approach is not always benefi-
cial, particularly in whole-cell biocatalysts because some
flavin reductases are ineffective at immobilizing the
C4a-hydroperoxy flavin intermediate, and uncoupling
reactions waste the reactive oxygen carried by cofactors,
resulting in the consumption of NAD(P)H and the for-
mation of cell-damaging H,O, [94, 95]. Therefore, further
exploration is required to identify more efficient flavin
reductases or to mutate existing reductases to decrease
uncoupling reactions.
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Conclusions

Enhancing the hydroxylating efficiency of various FDMs
in the biosynthetic pathway of aromatic compounds has
been effectively achieved through protein engineering,
cofactor engineering, and facilitating cofactor delivery.
However, several challenges still need to be addressed.

Firstly, a significant challenge is the identification
of suitable mutant sites in FDMs. The integration of
advanced computational methods like AlphaFold2 for
predicting protein structures and molecular dynam-
ics simulations for understanding protein dynamics and
interactions is indeed promising. These methods have the
potential to provide valuable insights into FDMs’ catalytic
sites, structures, and behavior. Remarkably, the impor-
tance of experimental work, particularly the resolution of
co-crystal structures for FDMs and their substrate com-
plexes, cannot be understated. Such experimental data
are crucial for validating computational predictions and
gaining precise insights into how these enzymes func-
tion. Continuous research in this area will be vital for the
development of improved FDMs mutants and expanding
their utility in various biocatalytic applications. In addi-
tion, there is an urgent need for the development of more
high-throughput screening approaches with broader
applications for identifying effective FDM mutants.

Secondly, overexpression of essential genes in the
endogenous cofactor recirculation pathways can enhance
the efficiency of the catalytic pathway. However, it’s
essential to consider that this method may negatively
impact strain growth due to metabolic disturbances.
Exploring alternative approaches, such as introducing
new metabolic pathways, reconstructing and regulating
original metabolic pathways to enhance cofactor regener-
ation, or utilizing biomimetic coenzymes, could provide
solutions to mitigate these challenges [96]. Addressing
these challenges will be crucial in advancing the field of
FDM engineering and further improving the biosynthesis
of hydroxylated aromatic compounds.

Lastly, protein scaffolding technology represents an
innovative strategy in biosynthesis to boost the produc-
tion of desired compounds [97, 98]. By immobilizing the
monooxygenase and flavin reductase components of two-
component FDMs onto a scaffold protein, it significantly
reduces the spatial separation between these enzymes.
This proximity may facilitate the efficient transfer of
substrates and cofactors required for the hydroxylation
reaction, resulting in a substantial enhancement of the
catalytic efficiency of FDMs. With the ongoing advance-
ments in computational and biological technologies, as
well as a deeper understanding of the catalytic mecha-
nisms of FDMs, we can anticipate the development of
more efficient FDMs for the biosynthesis of valuable aro-
matic compounds.



Shi et al. Biotechnology for Biofuels and Bioproducts (2024) 17:46

Acknowledgements
Not applicable.

Author contributions

X.Shen and JW. conceived the topic. T.S. and X.Shen have contributed
substantially to writing the draft and preparing the manuscript. S.Sun, QY,
and JW. have contributed to the discussion and revision of the manuscript. All
authors have read and approved the final manuscript.

Funding

This work was supported by the National Key Research and Development
Program of China (2018YFA0903000), Key Area Research and Development
Program of Guangdong Province (2022B1111080003), the National Natural
Science Foundation of China (22078011, 22378016 and 22238001).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 30 September 2023 Accepted: 13 March 2024
Published online: 22 March 2024

References

1. Sun X, Li X, Shen X, Wang J, Yuan Q. Recent advances in microbial produc-
tion of phenolic compounds. Chinese J Chem Eng. 2021;30:54-61.

2. Paulino BN, Sales A, Felipe L, Pastore GM, Molina G, Bicas JL. Recent
advances in the microbial and enzymatic production of aroma com-
pounds. Curr Opin Food Sci. 2021;37:98-106.

3. WuF,Cao P Song G, Chen W, Wang Q. Expanding the repertoire of
aromatic chemicals by microbial production. J Chem Technol Biotechnol.
2018;93:2804-16.

4. LiZ WangJ, Zhou, Liu H. Lead compound optimization strategy (3)—
structure modification strategies for improving water solubility. Yaoxue
Xuebao. 2014;49:1238-47.

5. Friis SD, Johansson MJ, Ackermann L. Cobalt-catalysed C-H methylation
for late-stage drug diversification. Nat Chem. 2020;12:511-9.

6. Lan X, Han X, LiQ, LiQ, Gao Y, ChengT, et al. Pinocembrin protects hem-
orrhagic brain primarily by inhibiting toll-like receptor 4 and reducing M1
phenotype microglia. Brain Behav Immun. 2017,61:326-39.

7. Zhu X, TianY, Zhang W, Zhang T, Guang C, Mu W. Recent progress
on biological production of a-arbutin. Appl Microbiol Biotechnol.
2018;102:8145-52.

8. Mancuso C, Santangelo R. Ferulic acid: pharmacological and toxicological
aspects. Food Chem Toxicol. 2014;65:185-95.

9. Zhang X, Sun W, Lyu B, Li C. Oxidative modification of plant natural
products and microbial manufacturing. Huagong Xuebao/CIESC J.
2022;73:2790-805.

10. Ullrich R, Hofrichter M. Enzymatic hydroxylation of aromatic compounds.
Cell Mol Life Sci. 2007,64:271-93.

11. Jeong-Yong C, Jae-Hak M, Ki-Young S, Keun-Hyung P. Antimicrobial activ-
ity of 4-hidroxybenzoic acid and trans 4-hydroxycinnamic acid isolated
and identified from rice hull. Biosci Biotechnol Biochem. 1998;62:2273-6.

12. Kalinowska M, Gotebiewska E, Swiderski G, Meczynska-Wielgosz S,
Lewandowska H, Pietryczuk A, et al. Plant-derived and dietary hydroxy-
benzoic acids—a comprehensive study of structural, anti-/pro-oxidant,
lipophilic, antimicrobial, and cytotoxic activity in MDA-MB-231 and
MCF-7 cell lines. Nutrients. 2021;13:3107.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

Page 11 of 13

Kadoma'Y, Fujisawa S. A comparative study of the radical-scavenging
activity of the phenolcarboxylic acids caffeic acid, p-coumaric acid, chlo-
rogenic acid and ferulic acid, with or without 2-mercaptoethanol, a thiol,
using the induction period method. Molecules. 2008;13:2488-99.

Lee JW, Bae CJ, Choi YJ, Kim SI, Kim NH, Lee HJ, et al. 3,4,5-Trihydroxy-
cinnamic acid inhibits LPS-induced iNOS expression by suppressing
NF-«B activation in BV2 microglial cells. Korean J Physiol Pharmacol.
2012;16:107-12.

Cook DJ, Finnigan JD, Cook K, Black GW, Charnock SJ. Cytochromes P450:
history, classes, catalytic mechanism, and industrial application. Adv
Protein Chem Struct Biol. 2016;105:105-26.

Crenar B, Petri¢ S. Cytochrome P450 enzymes in the fungal kingdom.
Biochim Biophys Acta - Proteins Proteomics. 2011;1814:29-35.

Renault H, Bassard JE, Hamberger B, Werck-Reichhart D. Cytochrome
P450-mediated metabolic engineering: current progress and future chal-
lenges. Curr Opin Plant Biol. 2014;19:27-34.

Hannemann F, Bichet A, Ewen KM, Bernhardt R. Cytochrome P450 sys-
tems-biological variations of electron transport chains. Biochim Biophys
Acta - Gen Subj. 2007;1770:330-44.

Ichinose H, Hatakeyama M, Yamauchi Y. Sequence modifications and
heterologous expression of eukaryotic cytochromes P450 in Escherichia
coli. J Biosci Bioeng. 2015;120:268-74.

Kappock TJ, Caradonna JP. Pterin-dependent amino acid hydroxylases.
Chem Rev. 1996;96:2659-756.

Feirer N, Fugqua C. Pterin function in bacteria. Pteridines. 2017;28:23-36.
Labine M, DePledge L, Feirer N, Greenwich J, Fuqua C, Allen KD. Enzy-
matic and mutational analysis of the prua pteridine reductase required
for pterin-dependent control of biofilm formation in Agrobacterium
Tumefaciens. ) Bacteriol. 2020;202:1-13.

Ehrenworth AM, Sarria S, Peralta-Yahya P. Pterin-dependent mono-
oxidation for the microbial synthesis of a modified monoterpene indole
alkaloid. ACS Synth Biol. 2015;4:1295-307.

Luo H, Yang L, Kim SH, WuIff T, Feist AM, Herrgard M, et al. Directed meta-
bolic pathway evolution enables functional pterin-dependent aromatic-
amino-acid hydroxylation in Escherichia coli. ACS Synth Biol. 2020;9:494-9.
Pimviriyakul P, Chaiyen P. Overview of flavin-dependent enzymes. 1st ed.
Amsterdam: Elsevier; 2020.

Paul CE, Eggerichs D, Westphal AH, Tischler D, van Berkel WJH. Flavopro-
tein monooxygenases: versatile biocatalysts. Biotechnol Adv. 2021;51(Jan-
uary): 107712,

Catucci G, Gao C, Sadeghi SJ, Gilardi G. Chemical applications of class B
flavoprotein monooxygenases. Rend Lincei. 2017;28:195-206.

Kim SH, Hisano T, Takeda K, Iwasaki W, Ebihara A, Miki K. Crystal structure
of the oxygenase component (HpaB) of the 4-hydroxyphenylacetate
3-monooxygenase from Thermus thermophilus HB8. J Biol Chem.
2007;282:33107-17.

Bonanno JB, Burley SK, Sowell J, Stevens JF, Eswaramoorthy S, Bonanno
JB, et al. Mechanism of action of a flavin-containing monooxygenase.
Proc Natl Acad Sci. 2007;104:14543-14543.

Beaty NB, Ballou DP. Transient kinetic study of liver microsomal FAD-
containing monooxygenase. J Biol Chem. 1980;255:3817-9.

Cheropkina H, Catucci G, Marucco A, Fenoglio |, Gilardi G, Sadeghi SJ.
Human flavin-containing monooxygenase 1 and its long-sought hydrop-
eroxyflavin intermediate. Biochem Pharmacol. 2021;193: 114763.
Phintha A, Chaiyen P. Unifying and versatile features of flavin-dependent
monooxygenases: diverse catalysis by a common C4a-(hydro)peroxyfla-
vin. J Biol Chem. 2023;299: 105413.

Chenprakhon P, Wongnate T, Chaiyen P. Monooxygenation of aro-

matic compounds by flavin-dependent monooxygenases. Protein Sci.
2019;28:8-29.

Huijbers MME, Montersino S, Westphal AH, Tischler D, Van Berkel WJH. Fla-
vin dependent monooxygenases. Arch Biochem Biophys. 2014;544:2-17.
Heine T, van Berkel WJH, Gassner G, van Pée KH, Tischler D. Two-
component fad-dependent monooxygenases: current knowledge and
biotechnological opportunities. Biology. 2018. https://doi.org/10.3390/
biology7030042.

Lin'Y, Yan Y. Biotechnological production of plant-specific hydroxylated
phenylpropanoids. Biotechnol Bioeng. 2014;111:1895-9.

Lin'Y, Yan Y. Biosynthesis of caffeic acid in Escherichia coli using its
endogenous hydroxylase complex. Microb Cell Fact. 2014;11:3-11.


https://doi.org/10.3390/biology7030042
https://doi.org/10.3390/biology7030042

Shi et al. Biotechnology for Biofuels and Bioproducts

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

(2024) 17:46

Furuya T, Arai Y, Kino K. Biotechnological production of caffeic acid

by bacterial cytochrome P450 CYP199A2. Appl Environ Microbiol.
2012;78:6087-94.

Li X, Chen Z, Wu Y, Yan'Y, Sun X, Yuan Q. Establishing an artificial
pathway for efficient biosynthesis of hydroxytyrosol. ACS Synth Biol.
2018;7:647-54.

Gangl D, Zedler JAZ, Wtodarczyk A, Jensen PE, Purton S, Robinson C.
Expression and membrane-targeting of an active plant cytochrome
P450 in the chloroplast of the green alga Chlamydomonas reinhardtii.
Phytochemistry. 2015;110:22-8.

Reis RAG, Li H, Johnson M, Sobrado P. New frontiers in flavin-depend-
ent monooxygenases. Arch Biochem Biophys. 2020,2021(699): 108765.
DengY, Faivre B, Back O, Lombard M, Pecqueur L, Fontecave M.
Structural and functional characterization of 4-hydroxyphenylacetate
3-hydroxylase from Escherichia coli. ChemBioChem. 2020;21:163-70.
Ge Q,Tong Z, Yingying J, Wu B, Sun Z. Protein engineering: from
directed evolution to computational design. Chin J Biotechnol.
2019;35:1843-56.

Miller DC, Athavale SV, Arnold FH. Combining chemistry and protein
engineering for new-to-nature biocatalysis. Nat Synth. 2022;1:18-23.
Muir RM, Ibdfez AM, Uratsu SL, Ingham ES, Leslie CA, McGranahan GH,
et al. Mechanism of gallic acid biosynthesis in bacteria (Escherichia coli)
and walnut (Juglans regia). Plant Mol Biol. 2011;75:555-65.

Entsch B, Palfey BA, Ballou DP, Massey V. Catalytic function of tyrosine
residues in para-hydroxybenzoate hydroxylase as determined by the
study of site-directed mutants. J Biol Chem. 1991,266:17341-9.

Gatti DL, Entsch B, Ballou DP, Ludwig ML. pH-dependent structural
changes in the active site of p-hydroxybenzoate hydroxylase point

to the importance of proton and water movements during catalysis.
Biochemistry. 1996;35:567-78.

Chen Z, Shen X, Wang J, Wang J, Yuan Q, Yan Y. Rational engineer-

ing of p-hydroxybenzoate hydroxylase to enable efficient gallic acid
synthesis via a novel artificial biosynthetic pathway. Biotechnol Bioeng.
2017;114:2571-80.

Catucci G, Gao C, Rampolla G, Gilardi G, Sadeghi SJ. Uncoupled human
flavin-containing monooxygenase 3 releases superoxide radical in
addition to hydrogen peroxide. Free Radic Biol Med. 2019;145:250-5.
Moriwaki Y, Yato M, Terada T, Saito S, Nukui N, lwasaki T, et al. Under-
standing the molecular mechanism underlying the high catalytic activ-
ity of p-hydroxybenzoate hydroxylase mutants for producing gallic
acid. Biochemistry. 2019;58:4543-58.

. Furst MJLJ, Gran-Scheuch A, Aalbers FS, Fraaije MW. Baeyer-villiger

monooxygenases: tunable oxidative biocatalysts. ACS Catal.
2019;9:11207-41.

Fabara AN, Fraaije MW. An overview of microbial indigo-forming
enzymes. Appl Microbiol Biotechnol. 2020;104:925-33.

Torres Pazmifio DE, Snajdrova R, Rial DV, Mihovilovic MD, Fraaije MW.
Altering the substrate specificity and enantioselectivity of phenylac-
etone monooxygenase by structure-inspired enzyme redesign. Adv
Synth Catal. 2007;349:1361-8.

Catucci G, Zgrablic I, Lanciani F, Valetti F, Minerdi D, Ballou DP, et al.
Characterization of a new baeyer-villiger monooxygenase and conver-
sion to a solely N-or S-oxidizing enzyme by a single R292 mutation.
Biochim Biophys Acta Proteins Proteom. 2016;1864:1177-87.

Catucci G, Turella S, Cheropkina H, De Angelis M, Gilardi G, Sadeghi SJ.
Green production of indigo and indirubin by an engineered baeyer-
villiger monooxygenase. Biocatal Agric Biotechnol. 2022. https://doi.
0rg/10.1016/j.bcab.2022.102458.

Han GH, Bang SE, Babu BK, Chang M, Shin HJ, Kim SW. Bio-indigo
production in two different fermentation systems using recombinant
Escherichia coli cells harboring a flavin-containing monooxygenase
gene (fmo). Process Biochem. 2011,46:788-91.

Maxel S, Aspacio D, King E, Zhang L, Acosta AP, Li H. A growth-based,
high-throughput selection platform enables remodeling of 4-hydroxy-
benzoate hydroxylase active site. ACS Catal. 2020;10:6969-74.

Chen Z,ChenT, Yu S, Huo YX. A high-throughput visual screening
method for p-hydroxybenzoate hydroxylase to increase phenolic
compounds biosynthesis. Biotechnol Biofuels Bioprod. 2022;15:1-16.
Alfieri A, Fersini F, Ruangchan N, Prongjit M, Chaiyen P, Mattevi A. Struc-
ture of the monooxygenase component of a two-component flavopro-
tein monooxygenase. Proc Natl Acad Sci. 2007;104:1177-82.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 12 of 13

Baron R, Riley C, Chenprakhon P, Thotsaporn K, Winter RT, Alfieri A, et al.
Multiple pathways guide oxygen diffusion into flavoenzyme active sites.
Proc Natl Acad Sci USA. 2009;106:10603-8.

Dhammaraj T, Phintha A, Pinthong C, Medhanavyn D, Tinikul R, Chenpra-
khon P, et al. p-Hydroxyphenylacetate 3-hydroxylase as a biocatalyst for
the synthesis of trihydroxyphenolic acids. ACS Catal. 2015;5:4492-502.
Chenprakhon P, Dhammaraj T, Chantiwas R, Chaiyen P. Hydroxylation

of 4-hydroxyphenylethylamine derivatives by R263 variants of the
oxygenase component of p-hydroxyphenylacetate-3-hydroxylase. Arch
Biochem Biophys. 2017;620:1-11.

Shen X, Zhou D, Lin Y, Wang J, Gao S, Kandavelu P, et al. Structural insights
into catalytic versatility of the flavin-dependent hydroxylase (HpaB) from
Escherichia coli. Sci Rep. 2019,9:1-11.

Yao J, He Y, Su N, Bharath SR, Tao Y, Jin JM, et al. Developing a highly
efficient hydroxytyrosol whole-cell catalyst by de-bottlenecking rate-
limiting steps. Nat Commun. 2020;11:1-12.

Wang H, Wang S, Wang J, Shen X, Feng X, Yuan S, et al. Engineering a
prokaryotic non-P450 hydroxylase for 3”-hydroxylation of flavonoids. ACS
Synth Biol. 2022;11:3865-73.

Chen W, Yao J, Meng J, Han W, Tao Y, Chen Y, et al. Promiscuous enzymatic
activity-aided multiple-pathway network design for metabolic flux rear-
rangement in hydroxytyrosol biosynthesis. Nat Commun. 2019;10:1-12.
Deng, Zhou Q, Wu'Y, Chen X, Zhong F. Properties and mechanisms of
flavin-dependent monooxygenases and their applications in natural
product synthesis. Int J Mol Sci. 2022. https://doi.org/10.3390/ijms230526
22.

Mansouri HR, Gracia Carmona O, Jodlbauer J, Schweiger L, Fink MJ,
Breslmayr E, et al. Mutations Increasing Cofactor Affinity, Improve
Stability and Activity of a Baeyer-Villiger Monooxygenase. ACS Catal.
2022;12:11761-6.

Richter N, Neumann M, Liese A, Wohlgemuth R, Weckbecker A, Eggert

T, et al. Characterization of a whole-cell catalyst co-expressing glycerol
dehydrogenase and glucose dehydrogenase and its application in the
synthesis of L-glyceraldehyde. Biotechnol Bioeng. 2010;106:541-52.
Fischer M, Bacher A. Biosynthesis of flavocoenzymes. Nat Prod Rep.
2005;22:324-50.

Mironov VN, Kraev AS, Chikindas ML, Chernov BK, Stepanov Al, Skryabin
KG. Functional organization of the riboflavin biosynthesis operon from
Bacillus subtilis SHgw. Mol Gen Genet MGG. 1994,242:201-8.

Marx H, Mattanovich D, Sauer M. Overexpression of the riboflavin biosyn-
thetic pathway in Pichia pastoris. Microb Cell Fact. 2008;7:1-11.

Sandoval FJ, Zhang Y, Roje S. Flavin nucleotide metabolism in plants:
Monofunctional enzymes synthesize FAD in plastids. J Biol Chem.
2008;283:30890-900.

Chen R, Gao J, Yu W, Chen X, Zhai X, ChenYY, et al. Engineering cofactor
supply and recycling to drive phenolic acid biosynthesis in yeast. Nat
Chem Biol. 2022;18:520-9.

Chen R, Yang S, Zhang L, Zhou YJ. Advanced Strategies for Production of
Natural Products in Yeast. iScience. 2020;23:100879.

Zakal'skif AE, Zlochevskii ML, Stasiv luZ, Logvinenko EM, Beburov Miu,
Shavlovskit GM. Cloning of the RIB1 gene coding for the enzyme of the
first stage of flavinogenesis in the yeast Pichia guilliermondi GTP cyclohy-
drolase, in Escherichia coli cells. Genetika. 1990;26(614):20.

Kawai S, Murata K. Structure and function of NAD kinase and NADP phos-
phatase: Key enzymes that regulate the intracellular balance of NAD(H)
and NADP(H). Biosci Biotechnol Biochem. 2008;72:919-30.

Kabus A, Georgi T, Wendisch VF, Bott M. Expression of the Escherichia

coli pntAB genes encoding a membrane-bound transhydrogenase in
Corynebacterium glutamicum improves L-lysine formation. Appl Microbiol
Biotechnol. 2007;75:47-53.

Lee WH, Kim MD, Jin YS, Seo JH. Engineering of NADPH regenerators in
Escherichia coli for enhanced biotransformation. Appl Microbiol Biotech-
nol. 2013;97:2761-72.

Spaans SK, Weusthuis RA, van der Oost J, Kengen SWM. NADPH-generat-
ing systems in bacteria and archaea. Front Microbiol. 2015;6:150690.

Lim SJ, Jung YM, Shin HD, Lee YH. Amplification of the NADPH-related
genes zwf and gnd for the oddball biosynthesis of PHB in an E. coli
transformant harboring a cloned phbCAB operon. J Biosci Bioeng.
2002;93:543-9.

Choi JC, Shin HD, Lee YH. Modulation of 3-hydroxyvalerate molar fraction
in poly(3-hydroxybutyrate-3-hydroxyvalerate) using Ralstonia eutropha


https://doi.org/10.1016/j.bcab.2022.102458
https://doi.org/10.1016/j.bcab.2022.102458
https://doi.org/10.3390/ijms23052622
https://doi.org/10.3390/ijms23052622

Shi et al. Biotechnology for Biofuels and Bioproducts (2024) 17:46

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

transformant co-amplifying phbC and NADPH generation-related zwf
genes. Enzyme Microb Technol. 2003;32:178-85.

Kwon DH, Kim MD, Lee TH, Oh YJ, Ryu YW, Seo JH. Elevation of glucose
6-phosphate dehydrogenase activity increases xylitol produc-

tion in recombinant Saccharomyces cerevisiae. J Mol Catal B Enzym.
2006;43:86-9.

FanY, LuY, Zhang L, Chen X, Shen Y. Enhancing NADPH regeneration and
increasing hydroxylation efficiency with P450 monooxygenase through
strengthening expression of glucose-6-phosphate dehydrogenase in
industrial filamentous fungi. Biocatal Agric Biotechnol. 2017;11:307-11.
Chemler JA, Fowler ZL, McHugh KP, Koffas MAG. Improving NADPH avail-
ability for natural product biosynthesis in Escherichia coli by metabolic
engineering. Metab Eng. 2010;12:96-104.

Ng CY, Farasat |, Maranas CD, Salis HM. Rational design of a synthetic
entner-doudoroff pathway for improved and controllable NADPH regen-
eration. Metab Eng. 2015;29:86-96.

Sadler JC, Wallace S. Microbial synthesis of vanillin from waste
poly(ethylene terephthalate). Green Chem. 2021;23:4665-72.

Valton J, Filisetti L, Fontecave M, Niviere V. A two-component flavin-
dependent monooxygenase involved in actinorhodin biosynthesis in
Streptomyces coelicolor. J Biol Chem. 2004;279:44362-9.

Liu L, Liu H, Zhang W, Yao M, Li B, Liu D, et al. Engineering the biosynthesis
of caffeic acid in Saccharomyces cerevisiae with heterologous enzyme
combinations. Engineering. 2019;5:287-95.

Van Lanen SG, Lin S, Horsman GP, Shen B. Characterization of SgcE6, the
flavin reductase component supporting FAD-dependent halogenation
and hydroxylation in the biosynthesis of the enediyne antitumor antibi-
otic C-1027. FEMS Microbiol Lett. 2009;300:237-41.

Maenpuen S, Pongsupasa V, Pensook W, Anuwan P, Kraivisitkul N, Pin-
thong C, et al. Creating flavin reductase variants with thermostable and
solvent-tolerant properties by rational-design engineering. ChemBio-
Chem. 2020;21:1481-91.

Wang XH, Zhao C, Lu XY, Zong H, Zhuge B. Production of caffeic acid with
co-fermentation of xylose and glucose by multi-modular engineering in
Candida glycerinogenes. ACS Synth Biol. 2022;11:900-8.

Zhou Z, Zhang X, Wu J, Li X, Li W, Sun X, et al. Targeting cofactors regen-
eration in methylation and hydroxylation for high level production of
ferulic acid. Metab Eng. 2022,73:247-55.

Sucharitakul J, Tinikul R, Chaiyen P. Mechanisms of reduced flavin transfer
in the two-component flavin-dependent monooxygenases. Arch Bio-
chem Biophys. 2014;555-556:33-46.

Holtmann D, Hollmann F. The oxygen dilemma: a severe challenge for the
application of monooxygenases? ChemBioChem. 2016;17:1391-8.
Guarneri A, Westphal AH, Leertouwer J, Lunsonga J, Franssen MCR,
Opperman DJ, et al. Flavoenzyme-mediated regioselective aro-

matic hydroxylation with coenzyme biomimetics. ChemCatChem.
2020;12:1368-75.

McConnell SA, Cannon KA, Morgan C, McAllister R, Amer BR, Clubb RT,

et al. Designed protein cages as scaffolds for building multienzyme
materials. ACS Synth Biol. 2020;9:381-91.

LiT, Chen X, CaiY, Dai J. Artificial protein scaffold system (AProSS): an
efficient method to optimize exogenous metabolic pathways in Saccha-
romyces cerevisiae. Metab Eng. 2018;49:13-20.

Varadi M, Anyango S, Deshpande M, Nair S, Natassia C, Yordanova G, et al.
AlphaFold protein structure database: massively expanding the structural
coverage of protein-sequence space with high-accuracy models. Nucleic
Acids Res. 2022;50:D439-44.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13



	Exploring the role of flavin-dependent monooxygenases in the biosynthesis of aromatic compounds
	Abstract 
	Background
	Strategies to improve the catalytic activity of FDM
	Developing efficient FDM mutants by protein engineering
	Enhancing FDM catalytic effiency by cofactor engineering
	Facilitating cofactors delivery for enhancing FDM catalytic efficiency

	Conclusions
	Acknowledgements
	References


